ABSTRACT: The DHH superfamily human protein h-prune, a binding partner of the metastasis suppressor nm23-H1, is frequently overexpressed in metastatic cancers. From an evolutionary perspective, h-prune is very close to eukaryotic exopolyphosphatases. Here, we show for the first time that h-prune efficiently hydrolyzes short-chain polyphosphates (k cat of 3-40 s -1 ), including inorganic tripoly-and tetrapolyphosphates and nucleoside 5′-tetraphosphates. Long-chain inorganic polyphosphates (g25 phosphate residues) are converted more slowly, whereas pyrophosphate and nucleoside triphosphates are not hydrolyzed. The reaction requires a divalent metal cofactor, such as Mg 2+ , Co 2+ , or Mn 2+ , which activates both the enzyme and substrate. Notably, the exopolyphosphatase activity of h-prune is suppressed by nm23-H1, longchain polyphosphates and pyrophosphate, which may be potential physiological regulators. Nucleoside triphosphates, diadenosine hexaphosphate, cAMP, and dipyridamole (inhibitor of phosphodiesterase) do not affect this activity. Mutation of seven single residues corresponding to those found in the active site of yeast exopolyphosphatase led to a severe decrease in h-prune activity, whereas one variant enzyme exhibited enhanced activity. Our results collectively suggest that prune is the missing exopolyphosphatase in animals and support the hypothesis that the metastatic effects of h-prune are modulated by inorganic polyphosphates, which are increasingly recognized as critical regulators in cells.
H-prune, 1 a 50 kDa protein, is a human ortholog of Drosophila prune, which is so-named for the brownish-purple eye color induced by its mutation in the fly. Overexpression of h-prune is associated with cancer progression, tumor aggressiveness, and advanced disease status in breast and gastric cancers (1, 2) . The protein interacts physically with a known suppressor of cancer metastasis, nm23-H1, and inhibits its antimetastatic function in vivo (3) . Moreover, h-prune participates in a complex network of interactions with proteins involved in cell cycle and motility (4, 5) , stimulates invasion via contacts with gelsolin, an ATPsevering protein acting in focal adhesion (5) , and regulates the disassembly of focal adhesions to promote cell migration in cooperation with glycogen synthase kinase-3 (6) . All these pathways promote cancer metastasis (7) .
H-prune belongs to the DHH superfamily named after the characteristic Asp-His-His motif in the N-terminal region of member proteins (8) . This superfamily comprises >1000 members and is further divided into families 1 and 2, based on conserved motifs in the C-terminal region. H-prune belongs to family 2, which contains a DHHA2 (DHHassociated type 2) C-terminal domain with two characteristic motifs, DxK and xRKx (8) . Several members of the DHH superfamily exhibit phosphohydrolase activity, including nuclease RecJ (9) belonging to family 1 and exopolyphosphatase (10) and pyrophosphatase (11, 12) , members of family 2, similar to h-prune. Earlier studies showed low phosphodiesterase activity of h-prune in vitro (3) .
Here, we demonstrate that, consistent with its evolutionary position, h-prune has a hitherto unrecognized high exopolyphosphatase activity, which exceeds its phosphodiesterase activity by 4 orders of magnitude and is inhibited by nm23-H1. Experiments on substrate specificity, metal cofactor requirements and sensitivity to point mutations reveal that this new activity closely resembles that of other known exopolyphosphatases. Our findings implicate polyphosphates as regulators of h-prune metastatic function in cells. † This work was supported by Academy of Finland Grants 201611 and 114706, Russian Foundation for Basic Research Grant 06-04-48887, and grants from the Ministry of Education and the Academy of Finland (for the National Graduate School in Informational and Structural Biology), AIRC, SEMM (E.C.), Fondazione alla lotta del Neuroblastoma, EU-FP6 EET-Pipeline and EU-FP7-TuMic grants.
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EXPERIMENTAL PROCEDURES
Materials. Pentasodium tripolyphosphate was purchased from Fluka, and hexaammonium tetrapolyphosphate was acquired from Sigma. Tetra(triethylammonium) adenosine 5′-tetraphosphate (AP 4 ) was obtained from Jena Bioscience. Dipyridamole, Tris salts of guanosine 5′-tetraphosphate (GP 4 ) and GTP, disodium ATP, sodium cAMP, long-chain inorganic polyphosphates P 25 , P 45 , and P 65 (sodium phosphate glass types 25, 45, and 65), and ammonium salt of P 1 , P 6 -diadenosine 5′-hexaphosphate were obtained from SigmaAldrich. Orthophosphate and short-chain polyphosphate contamination of P 25 , P 45 , and P 65 was eliminated by gel filtration on a 0.8 × 26 cm Bio-Gel P-2 column (Bio-Rad). Each polyphosphate (20 mg) was applied to the column in 2 mL of 0.1 M Tris-HCl buffer, pH 7.2. Eluted fractions were analyzed for P i before and after boiling for 20 min with 3 M hydrochloric acid. Polyphosphate concentrations mentioned below were determined on the basis of polymer molecular masses. The metastasis suppressor protein, nm23-H1, was produced in Escherichia coli and isolated, as described by Middelhaufe et al. (13) .
Expression and Purification of H-Prune. Cloning of h-prune from MGC human full-length cDNA has been described in a previous report (13) . Mutations were introduced using the QuikChange site-directed mutagenesis kit (Stratagene), and verified by sequencing. His-tagged wildtype and variant h-prune pET151 constructs were transformed into E. coli Rosetta 2 strain and expressed in Overnight Express Instant TB medium (Novagen). Cells were grown for 24 h at room temperature and kept on ice for 15 min before harvesting by centrifugation at 5000 rpm for 20 min at 4°C. Sedimented cells were stored at -20°C. For protein purification, frozen cells (8 g) were melted on ice, and suspended in 40 mL of buffer A (50 mM Tris/HCl, pH 7.8, 0.5 M NaCl) supplemented with a small amount of DNase I (Roche) and 1 mM phenylmethanesulfonyl fluoride (Fluka). Next, cells were disrupted twice with the French Press at 15000 psi, and the debris removed by centrifugation at 20000 rpm for 30 min at 4°C. H-prune was isolated from the supernatant by metal chelate chromatography on a Talon column (BD Biosciences) and gel filtration on a Superdex 200 column, as described previously (13) . This procedure yielded 4-10 mg of electrophoretically pure h-prune per liter of cell culture (approximately 30 g cell paste). Concentrations of h-prune solutions were determined on the basis of a subunit molecular mass of 50 kDa and extinction coefficient, 1% 280 , of 2.7 (estimated from the amino acid composition using ProtParam).
ActiVity Measurements. Rates of P 3 , P 25 , P 45 , and P 65 hydrolysis were determined from continuous recordings of P i liberation using an automatic P i analyzer (14) . Reactions were initiated by adding a suitable aliquot of enzyme solution, and performed at 25°C. The assay buffer contained 0.1 M Tris/HCl, pH 7.2, 50 µM EGTA, and the indicated concentrations of substrates and divalent metal cofactors (added as chlorides). To maintain constant ionic strength in assays utilizing 10 and 30 mM Mg 2+ , the Tris/HCl concentrations were lowered to 0.07 and 0.01 M, respectively. The activity of h-prune on P 4 , AP 4 , GP 4 , and other nucleotides was determined with a fixed-time assay using Biomol Green phosphate reagent (Biomol, Germany). Using this method, the reaction was performed for 20-120 s in a volume of 50 µL on a microtiter plate, 100 µL of the Biomol Green reagent were added, and color measured at 620 nm after 25 min incubation. The reported activity values are precise within a margin of (10%.
Phosphodiesterase activity was determined with a cyclic nucleotide phosphodiesterase assay kit (Biomol) according to the manufacturer's manual. In this assay, AMP formed from cAMP was consumed by 5′-nucleotidase, and phosphate liberated determined with Biomol Green reagent. Bovine brain phosphodiesterase provided with the kit was employed as the positive control.
Calculations. The total concentrations of MgCl 2 and P 3 required to maintain the desired levels of free Mg 2+ ion and MgP 3 complex at pH 7.2 were calculated using the dissociation constants K 1 ) 3.63 µM and K 2 ) 1.91 mM for the MgP 3 and Mg 2 P 3 complexes, respectively (15) . To convert the Michaelis constant obtained in terms of MgP 3 concentration into that in terms of total P 3 concentration, the former constant was divided by ( (15) , whereby k 1A and k 1B are second-order rate constants for MgP 3 binding, K M and K A are the dissociation constants for metal binding and k cat is the catalytic constant. Due to the high processivity of PPX, the substrate-binding step is assumed to be essentially irreversible. Consequently, the k cat /K m value approaches the apparent second-order rate constant for substrate binding and depends on the Mg 2+ concentration, according to eq 1 (15):
Inhibition of activity was analyzed with eq 2, whereby A and A 0 represent the activities measured in the presence and absence of inhibitor I, respectively, and IC 50 is its 50% inhibitory concentration. Nonlinear least-squares fitting was performed using the program SCIENTIST (MicroMath).
Bioinformatics Methods. H-prune, scPPX and family II PPase from Streptococcus mutans were used as query sequences in PSI-BLAST searches against known genomes and the NCBI nonredundant amino acid database for prune sequences from incomplete (or nonannotated) genomes. The retrieved sequences were aligned with ClustalW (16) . A phylogenetic tree was constructed using the maximum parsimony method and verified by bootstrap analysis (1000 replicates) with MEGA 3.1 (17) .
RESULTS

Sequence Analysis of H-Prune.
A PSI-BLAST search of protein databases resulted in 146 sequences belonging to family 2 of the DHH superfamily of proteins, with six conserved motifs containing most of the active site residues Scheme 1: Mg 2+ Dependence of P 3 Hydrolysis by H-Prune identified in PPX (18) and PPase (19, 20) . Of these, 109 sequences were identified as PPases, based on sequence length, typically 310 amino acid residues, and the invariant motif HxxP (positions 24-27 in Figure 1 ) (18) . This group includes the six proteins for which PPase activity was demonstrated (11, 12, 21) .
In the second group, comprising 37 longer sequences (370-800 residues), the above-mentioned motif is replaced by Nxx(C,G,A) (Figure 1 ). This replacement results in a loss of one metal binding site from Saccharomyces cereVisiae PPX (scPPX); furthermore, the N residue is essential for PPX activity, as its conversion to H reduces PPX activity 500-fold (15) . The second group includes the three known DHH proteins with PPX activity (marked by the asterisk in Figure  1 ) (10, 22, 23) and is less uniform. This group can be divided into two subgroups, based on the length of the C-terminal part and taxonomic considerations. Fourteen vertebrate sequences have long (g99 residues) C-terminal segments (Figure 1) . In 23 invertebrates, euglenas and fungi, however, the length of the C-terminal segment does not exceed 34 residues and averages 15 residues, only slightly more than in PPases (Figure 1 ). The C-terminus is important for classification, inasmuch as it contains binding sites for the metastasis-related proteins nm23-H1 and glycogen synthase kinase-3 in h-prune (13) .
A total of 10 mammalian sequences (1-10 in Figure 1 ), including h-prune, are most closely related, forming a welldefined subfamily. Their characteristic motifs are very similar, as are the overall primary structures (39-98% pairwise residue identity). The C-terminal parts, following the invariant SRKK motif, are even more similar (75-99% identity) and of nearly the same length in sequences 1-9. Although the C-terminal part in sequence 10 is much longer, the overlapping parts of the C-termini in sequences 1 and 10 are 60% identical. Four other vertebrate sequences (11-14 in Figure 1 ) differ more from h-prune (overall identity 34-50%; C-terminal identity, 27-37%). In addition, the DHH motif is found at different locations in these four sequences, more closely resembling known PPXs. In contrast, sequence identity between h-prune and the remaining 23 of the 37 non-PPase sequences does not exceed 25% (average, 17%). In the phylogenetic tree, the h-prune subfamily forms a compact group within the non-PPase sequences and is closer to characterized PPXs than to PPases (see Supporting Information, Figure S1) .
Exopolyphosphatase ActiVity of H-Prune. In accordance with its evolutionary position, h-prune degrades linear polyphosphates in the presence of Mg 2+ or Co 2+ (Table 1) . Among the inorganic polyphosphates, the highest k cat value was observed with P 3 , which decreased dramatically with an increase in chain length. AP 4 and GP 4 were hydrolyzed at a higher rate than P 3 in the presence of Mg 2+ (Table 1) , whereas PP i , ATP, GTP, and cAMP were not hydrolyzed significantly (activity <0.02 s -1 at 50 µM substrate). Our estimate of activity against cAMP is consistent with the earlier reported value (0.013 IU/mg or 0.011 s -1 ) obtained with a more sensitive assay (3) and is 3500-fold lower than the activity against P 3 . Our data thus indicate that h-prune is a polyphosphatase and prefers short-chain polyphosphates as substrates.
Exhaustive hydrolysis of P 3 in the presence of Mg
2+
yielded an equivalent amount of P i , indicating that the final products are P i and PP i , in agreement with the observation that PP i is not hydrolyzed by h-prune. No endopolyphosphatase activity was detected on a urea-PAGE assay (10) using P 25 ) of h-prune activity was virtually independent of the Mg 2+ concentration in the range of 0.01-10 mM (Figure 2 ), but no hydrolysis of P 3 was observed in the absence of the metal cofactor. In contrast, the k cat /K m value was markedly increased with [Mg 2+ ] ( Figure  2 ). The Mg 2+ dependence of catalysis may be effectively described by Scheme 1, earlier derived for scPPX (15) . According to this scheme, the preferred substrate for h-prune is MgP 3 (tripolyphosphate with one bound metal ion), and catalysis occurs only when another metal ion is bound to the enzyme. The constancy of k cat in the Mg 2+ concentration range examined indicates that the metal binding constant, K A , is small (<2 µM). The values for other parameters obtained by fitting the data from Figure 2 to eq 1 were as follows:
, and K M ) 19 ( 7 mM. The results imply that binding of metal ion at the active site accelerates substrate binding (k 1B > k 1A ). In addition, bound substrate enhances enzyme affinity for the metal ion (K A < K M ). The k cat value measured in the presence of 1 mM Mg 2+ increased 2-fold with temperature in the range of 25 to 40°C.
In addition to its activator role, Mg 2+ stabilizes h-prune against inactivation during storage. Incubation of h-prune (1-100 µM) for 5 h at 0°C in the presence of 0.1 M Tris/ HCl, pH 7.2, and 50 µM EGTA inactivated the enzyme 2-4-fold. In contrast, no inactivation was evident in the presence of 1 mM Mg 2+ .
ActiVe Site Mutations. The purpose of the mutations was 2-fold. First, we aimed to check the effects of "compensating" mutations, i.e., those that replace h-prune residues with residues found in known PPases and PPXs (Asn-24, His-107, His-108, Arg-128). The second goal was to check whether residues corresponding to those important in PPase and PPX (Asp-28, Asp-106, Asp-179, Arg-348) are similarly important in h-prune. The residues corresponding to h-prune Asp-28, Asp-106, and Asp-179 are ligands for the catalytic metal ions in PPase and/or PPX, and the equivalent of Arg-348 (located in the more variable C-terminal domain) participates in substrate binding in PPase (18) (19) (20) . In these cases, mutations were designed to reduce the functionality of a residue (DfA, RfA).
Eight single variants were therefore constructed, specifically, N24H, D28A, D106A, H107N, H108N, R128H, D179A, and R348A. The N24H, D28A, D179A, and R348A variants were virtually inactive (<0.5% wild-type k cat /K m in Mg 2+ -stimulated P 3 hydrolysis), and D106A, H107N, and H108N proteins displayed reduced but measurable activity (k cat values of 35, 4.4, and 32%, respectively). In contrast, an enhanced k cat value (146%) was obtained with the R128H mutant protein, compared to its wild-type counterpart. K m value increased 7-fold with the H107N and 21-fold with the R128H variants and was only slightly affected with the other two variants (Table 2 ). These data indicated that h-prune has low sensitivity to substitutions in the DHH · · · DHR motif pair, casting doubt on the validity of previous classifications of the DHH proteins based on these two motifs (3, 18) . The effects of substitutions in other motifs parallel those in PPX and PPase (15, 24, 25) and suggest a common reaction mechanism.
Inhibitors. Long-chain polyphosphates (poor substrates of h-prune) and PP i inhibited h-prune-catalyzed hydrolysis of P 3 ( Figure 3 ). Two lines of evidence rule out the possibility that these effects result from Mg 2+ chelation by added polyphosphates. First, calculations from published complex stability constants (26) show that the concentration of free Mg 2+ in the assay system containing 3 mM PP i (the most unfavorable case) drops from 2 mM to about 0.2 mM. Based in Figure 2 , this will result in a less than 5% change in h-prune activity. Second, the P 25 inhibition profile was not significantly affected when Mg 2+ concentration was increased to 10 mM (data not shown).
The IC 50 values derived from Figure 3 decreased markedly from PP i to P 25 , less markedly from P 25 to P 45 , and leveled off with P 65 (Table 3) . Similar dependence of the inhibitory power of polyphosphates on length was observed at a ten times higher P 3 concentration (Table 3) , but IC 50 values were higher, pointing to a competition between P 3 and other polyphosphates for active site binding. However, the IC 50 values measured at 10 µM P 3 were 3-4 times higher than expected for a competitive inhibition mechanism, based on the K m values found in Table 1 . This result may be attributed to slow conversion of long-chain polyphosphates.
ZnCl 2 , which is known to inhibit exopolyphosphatases from different sources (22, 23) , inhibited h-prune with an IC 50 of 32 ( 2 µM under the experimental conditions used to obtain the data of Figure 3 . In contrast, ATP, GTP, diadenosine hexaphosphate, and cAMP (300 µM) had no significant effects on P 3 hydrolysis, implying that these nucleotides are not effectively bound (IC 50 > 1 mM) to the h-prune active site at this concentration. Low affinity of h-prune to diadenosine hexaphosphate is consistent with the inability of h-prune to catalyze endopolyphosphatase reaction. Similarly, 100 µM dipyridamole, a known inhibitor of phosphodiesterase, had no effect on the P 3 hydrolyzing activity of h-prune.
Importantly, the metastasis suppressor protein, nm23-H1 that binds h-prune in vivo (3) markedly inhibited its P 3 hydrolyzing activity, even at micromolar concentrations ( Figure 3) . The IC 50 value measured for nm23-H1 also increased with P 3 concentration (Table 3) , suggestive of binding competition between nm23-H1 and the substrate. Moreover, P 25 added to h-prune hydrolyzing P 3 further increased IC 50 for nm23-H1, indicating that the long polyphosphate also competes with nm23-H1 for h-prune binding.
DISCUSSION
Our results clearly demonstrate that polyphosphate hydrolysis is the major enzymatic function of h-prune, suggesting its significance in polyphosphate metabolism in animals. Inorganic polyphosphates (formed by three to hundreds of phosphate units) are present in all cells (27, 28) , accounting for up to 10% of dry cell weight in yeast (29) . Inorganic polyphosphates are not simply stores of phosphate and energy; they also have numerous regulatory functions (27) (28) (29) (30) (31) (32) (33) . Organic polyphosphates are found in smaller quantities. Of these, adenosine 5′-tetra-and 5′-pentaphosphates are possibly among the most important organic polyphosphates identified to date (34) . These compounds are involved in regulation of coronary vascular tone (35) and intraocular pressure (36) in mammals, and are strong inhibitors of dinucleoside tetraphosphate hydrolase (37) . The cellular levels of both polyphosphate types are largely determined by the activity of the depolymerizing enzyme, exopolyphosphatase, which has been characterized in bacteria and lower eukaryotes. Exopolyphosphatase activity capable of converting inorganic (38, 39) and organic (40, 41) polyphosphates was additionally evident in mammalian tissues, but, surprisingly, no gene exactly matching known PPXs is found in mammalian genomes. Based on our findings, we infer that this activity belongs to h-prune, thus classifying the protein as the first known animal exopolyphosphatase. Interestingly, all completely sequenced animal genomes contain genes for h-prune subfamily proteins, while none contains gene(s) for yeast-type PPX. (2), and P 65 (0) measured at 10 µM P 3 . The total Mg 2+ concentration used was 2 mM, and enzyme concentration was 52 nM (nm23-H1) or 4-11 nM (other inhibitors). Lines were obtained with eq 2, using the IC 50 values shown in Table  3 . Activity with no added inhibitors (10 s -1 ) was taken as 100%. Functionally, h-prune is more similar to the three previously characterized PPXs (10, 22, 23, 42, 43) Figure 2 with Figure 3 in ref 15 ) and identical stoichiometries of reaction complexes (Scheme 1). Both enzymes bind up to two metal ions per substrate, in contrast to PPase, which requires three to four metal ions (44) . Furthermore, PPase differs from h-prune and PPXs in requiring transition metals for maximal activity (21) . Both h-prune and PPXs (10, 42, 43) hydrolyze inorganic and organic polyphosphates, but not PP i . In contrast, PPase is inactive with polyphosphates longer than PP i (21) . With respect to polyphosphate chain length preference, h-prune resembles PPXs from L. major (22) and T. cruzi (23) , which also favor short-chain polyphosphates, unlike scPPX, which does not discriminate among polyphosphates of different lengths (10, 42) . Cells containing short-chain PPXs are expected to have additional enzymes to metabolize long polyphosphates. Remarkably, mammalian cells possess endopolyphosphatase activity (45) , allowing efficient degradation of long polyphosphates in cooperation with short-chain PPX.
Previous analyses (3, 18) placed PPXs and prunes into separate subfamilies, based on two motifs, DHH and DHR (going from N-to C-terminus) in prune sequences instead of DHN and DHH of PPXs, respectively. Those analyses, however, included only the two theretofore known h-prunelike sequences (from H. sapiens and D. melanogaster) and implied different enzymatic activities of prune (phosphodiesterase) and PPX. Our current sequence analysis, using a much larger set of sequences that became available recently, indicates more variation in these motifs. Furthermore, our mutational analysis shows that such a variation is tolerable within one protein. Finally, identification of h-prune as a PPX breaks the functional border between h-prune and common PPXs. These findings make it likely that all or most of the 37 non-PPase sequences of family 2 of the DHH superfamily ( Figure 1 ) are in fact PPXs. This group may thus be more uniform in terms of core structure and activity than previously believed. Considering the C-terminal extension, however, h-prune and its 13 closest homologues are clearly a more evolved PPX subfamily, regulated by binding to specific protein partners, like nm23-H1. This additional function appears to be called for in vertebrates.
Earlier studies show that h-prune exhibits low phosphodiesterase activity (∼1/3500th of its exopolyphosphatase activity), hydrolyzing cAMP with a low K m value of 0.9 µM (3). This reaction hardly occurs at the exopolyphosphatase active site of h-prune, since neither cAMP (at a concentration exceeding K m by 330-fold) nor dipyridamole inhibit P 3 hydrolysis. The theory that the phosphodiesterase activity is a side reaction of h-prune preparations is additionally supported by the observations that h-prune shares no homology with any of the nearly 300 phosphodiesterase sequences from mammalian genomes.
H-prune has been shown to favor metastasis by binding and thus inactivating the antimetastatic protein nm23-H1 (7). Our new findings implicate polyphosphates as important modulators of this interaction. We found that increasing the concentration of the shortest polyphosphate, P 3 , decreases the stability of the h-prune-nm23-H1 complex, as characterized by IC 50 (Table 3 ). This effect presumably results from P 3 binding to the exopolyphosphatase active site of h-prune. The long-chain polyphosphates that prevail in cells (28) should have the same or even greater effect when bound to this site, as suggested by the increased IC 50 for nm23-H1 in the presence of P 25 (Table 3) . This mechanism is supported by recent reports showing that long-chain inorganic polyphosphates block pulmonary metastasis of melanoma cells in vivo (46) and induce apoptosis of several cancer cells but not normal cells in vitro (30) .
In summary, h-prune displays novel exopolyphosphatase activity, exceeding its reported phosphodiesterase activity by 4 orders of magnitude, and is the first characterized member of a predicted subfamily of exopolyphosphatases in higher eukaryotic organisms, including mammals. Given the novel enzymatic activity of h-prune and its ability to bind polyphosphates, elucidation of the role of h-prune in cancer metastasis may eventually divulge new potential pathways and drugs to inhibit its recognized prometastatic action.
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